In order to investigate the performance of suprathreshold color-difference tolerances with different visual scales and different perceptual correlates, a psychophysical experiment was carried out by the method of constant stimuli using CRT colors. Five hue circles at three lightness (L * = 30, 50, and 70) and chroma (C ab * = 10, 20, and 30) levels were selected to ensure that the color-difference tolerances did not exceed the color gamut of the CRT display. Twelve color centers distributed evenly every 30°along each hue circle were assessed by a panel of eight observers, and the corresponding color-difference tolerances were obtained. The hue circle with L * = 50 and C ab * = 20 was assessed with three different visual scales (⌬V = 3.06, 5.92, and 8.87 CIELAB units), which ranged from small to large visual scales, while the remaining hue circles were observed only with the small visual scale. The lightness tolerances had no significant correlation with the hue angles, while chroma and hue tolerances showed considerable hue angle dependences. The color-difference tolerances were linearly proportional to the visual scales but with different slopes. The lightness tolerances with different lightness levels but the same chroma showed the crispening effect to some extent, while the chroma and hue tolerances decreased with the increment of the lightness. For the color-difference tolerances with different chroma levels but the same lightness, there was no correlation between the lightness tolerances and the chroma levels, while the chroma and hue tolerances were nearly linearly proportional to the chroma levels.
INTRODUCTION
As the importance of color in industry and daily life increases, there is a requirement for the improvement of the correlation between visual and colorimetric scales [1, 2] . A great number of investigations were carried out using different psychophysical methods and different visual scales in the CIELAB color space [3] [4] [5] [6] [7] [8] [9] , and corresponding CIELAB-based color-difference formulas were established based on these investigations [5, [10] [11] [12] [13] . The CIE guideline proposed by Witt in 1995 [2] appealed for more experimental results to evaluate and improve the performance of these color-difference formulas. Parametric effects, including illuminant, luminance level, background, size, and visual scale, were among the main topics in color-difference research.
Qiao et al. [6] and Baribeau and Robertson [9] investigated the performance of hue tolerances with hue angles, and Melgosa et al. [8] also studied the correlation between chroma tolerances and hue angles. Their investigations indicated that both hue and chroma tolerances have considerable correlations with hue angles; however, more experimental data were required for further investigation.
Witt [7] had researched the relationships between scales of small color differences using the gray-scale method with painted samples in five CIE color centers in the CIE xyY color space. He found that the magnitude of color difference varied differently for different color centers. Xu and Yaguchi [14] investigated the correlations of chromaticity ellipses at five CIE centers in the CIELAB space from threshold to large suprathreshold visual scales using CRT colors, and the results indicated that there were significant correlations between chromaticity ellipses with different visual scales.
In this study, suprathreshold color-difference tolerances, namely, lightness, chroma, and hue tolerances, in the CIELAB color space were evaluated by the method of constant stimuli using CRT colors. The purpose of this study was to investigate the correlations between suprathreshold color-difference tolerances with different visual scales and different perceptual correlates (different lightness and chroma levels) in the CIELAB space.
METHOD A. Experimental Device and CRT Characterization
A CRT display of Neso FD570A, which was accurately characterized with a method consisting of three ID LUTs [15] , was used to present the test stimuli. The color temperature of the CRT was about 6500 K, with the white point and the black point being 113.86 and 0.083 cd/ m 2 , respectively. The experiment was carried out after the CRT was warmed up for about 2 h to ensure that its display was stable enough, though the display was stable basically after being warmed up for more than half an hour according to the pilot experiment. The colorimetric values of the test points around the test color centers together with the centers were measured using a spectroradiometer Photo Research PR-650 from the position where subjects observed the stimuli. The corresponding accuracy was expressed by
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where ⌬L s * , ⌬a s * , ⌬b s * were the theoretical deviations of the surround points from the test center along the L*, a*, and b* axes, respectively, in the CIELAB space, and ⌬L m * , ⌬a m * , ⌬b m * were the corresponding measured deviations, which were calculated under the CIE 1931 standard observer and a chromaticity of D65. The resulting mean ⌬E m,s * was 0.34 CIELAB units, which implied that the CRT calibration was quite acceptable for this visual experiment, as compared with some previously published experiments [16] [17] [18] .
B. Experimental Procedures
A panel of eight observers with normal color vision participated in the visual experiment. All of them were graduate students in Zhejiang University, with no or little experience in such experiments. The CRT display was in front of the observer, with a chin rest used to fix the observer's head, and the viewing distance was about 500 mm.
Due to the aim of this study, five hue circles at three lightness and three chroma levels were selected to ensure that the color-difference tolerances did not exceed the color gamut of the CRT display. Twelve color centers, which were evenly distributed every 30°along each hue circle, were assessed by the observers. The hue circle with L * = 50 and C ab * = 20 was evaluated with three different visual scales (small, middle, and large), while the remaining hue circles were assessed only with the small visual scale. The detailed information about these hue circles is listed in Table 1 . These hue circles were marked as LaaCbbX, in which Laa and Cbb represented the lightness and chroma of the hue circle, and X was the first letter for the corresponding visual scale of small, middle, or large.
In order to obtain the suprathreshold color-difference tolerances, the psychophysical method of constant stimuli was adopted. The arrangement of the test pattern is plotted in Fig. 1 . At the central part of the screen, there were two arrays consisting of two 1°ϫ 1°squares, respectively, as reference pair and test pair with a 0.5°separation between them. Around each square was a 1-pixel black frame. The background was a 6°ϫ 6°square with the color being neutral gray, as shown in Table 2 . Outside the background was an 8°ϫ 8°white border defined as the reference white with a lightness of about 100 cd/ m 2 and a chromaticity of D65. The CIELAB values of the displayed colors were calculated under the CIE 1931 standard observer and a chromaticity of D65. The CIELAB values, with the corresponding standard deviations, of the background and reference achromatic pairs are shown in Table 2 , which were measured at the beginning of the experiment each day. So the chromatic coordinates of the background were measured 84 times in total, including 60, 12, and 12 times for the reference achromatic pairs with small, middle, and large visual scales, respectively. The other part of the screen was covered with black. The left or right position of the reference pair and the test pair and the upper or lower position for the individual pair were determined randomly by the test software. One color of the reference pair was set as the gray recommended by CIE in 1976 [1] , while the others had only a lightness difference of about 3.06, 5.92, or 8.87 CIELAB units along the positive lightness direction from the former one, also as listed in Table 2 . The color difference of the reference pair was defined as the visual scale ⌬V. The test stimuli were designed to distribute along lightness, chroma, and hue directions with respect to the corresponding color centers at two senses (upper or lower for lightness and chroma tolerances, and clockwise or anticlockwise for hue tolerances), respectively. Only one color center for one visual scale was assessed by the observers each day to avoid observation fatigue. The experiment started with a 2 min dark adaptation and a 1 min background adaptation. Each trial of the experiment began with a 200 ms black gap procedure, during which the reference pair and test pair were covered with black, and ended with receiving the response from the observer. The observer's task was to determine the color pair for which the visual color difference was larger. For each test direction there were 14 test pairs (7 in each of the two senses), for which the visual color differences were predetermined by a pilot experiment to ensure that the suprathreshold value to be measured fell into the range of the values of these test pairs. Every test pair was assessed 20 times by each observer, and the corresponding suprathreshold value was obtained using the probit analysis algorithm [19, 20] . There were 70,560 trials for each observer [12 centers per hue circleϫ 7 hue circles ϫ 3 directions ͑lightness, chroma, and hue tolerances͒ ϫ 14 points in each direction ͑two senses per direction͒ ϫ 20 replications, and a total of 564,480 visual estimations were performed. The whole experiment lasted for about 5 months, including the pilot experiment. Moreover, the display was recalibrated after the observations were done for one hue circle, so a total of seven recalibrations were carried out for the CRT during the whole experimental period.
RESULTS AND DISCUSSION

A. Observer Accuracy
The suprathrehold color-difference tolerances (lightness, chroma, and hue tolerances) at two senses in each direction for the observers were obtained using the probit analysis algorithm. To ensure the preciseness and credibility of the data, observer accuracy was calculated between the results of individual observers and those of all the observers using the PF / 3 method, which was first devised by Luo and Rigg [21] and later modified by Guan and Luo [22] .
The resulted mean observer accuracy was 16 PF /3 units, with the largest of 18 PF / 3 units. As compared with several previously published experiments [14, 15, 22] , this observer accuracy was quite stable and acceptable. There were two reasons for the high observer accuracy. First, the method of constant stimuli had been demonstrated to be more accurate [23] . Second, only a singledimensional color-difference tolerance was involved for each trial in this experiment, which was comparatively easily assessed by observers [24] .
B. Color-Difference Tolerances
The detailed color-difference tolerances (T50) at two senses in each direction for all the hue circles, and the corresponding upper and lower 95% fiducial limits (UFL and LFL), together with the mean tolerances of individual directions are given in Tables 3 and 4 . The average uncertainty of the tolerance determinations was about ±8% of the tolerance value at the 95% confidence interval. The mean color-difference tolerances are also plotted in Fig. 2 , in which the abscissa represents the hue angles and the ordinate represents the corresponding color-difference tolerances.
The hue circle L50C20S was selected as the reference hue circle, for which the color-difference tolerances were compared with the corresponding tolerances of the other hue circles. The results of these comparisons, expressed in PF / 3 units, are listed in Table 5 , which shows that the largest discrepancies of lightness, chroma, and hue tolerances were 11.91, 16.47, and 18.10 PF / 3 units, respectively. These results indicated that the discrepancies of the lightness, chroma, and hue tolerances between the reference hue circle (L50C20S) and the other hue circles were small, i.e., followed nearly the same tendencies, respectively, as seen in Fig. 2 . Though the lightness tolerances appeared to fluctuate some with hue angle, no obvious hue angle dependence was found, while the chroma and hue tolerances showed considerable hue angle dependences. The chroma tolerances had two maximum peaks in the yellow-green and purple regions and two minimum peaks in the red and blue-green regions. For the hue tolerances, there were two maximum peaks in the red and blue-green regions, and two minimum peaks in the yellow-green and purple regions, which was contrary to the tendency of the chroma tolerances. The differences of the hue tolerances with different visual scales were the largest, followed by those of the chroma tolerances and the lightness tolerances, whereas for the tolerances with different perceptual correlates, the lightness tolerances also had the smallest discrepancies, followed by the chroma and hue tolerances. For the lightness tolerances, the largest discrepancy occurred between the reference hue circle and the one assessed with the largest chroma level. The largest discrepancy of the chroma tolerances were between the reference hue circle and the one with the lowest chroma level. And the hue tolerances had the largest difference between the reference hue circle and the one evaluated with the larger visual scale.
The chroma and hue tolerances obtained in this study were used to fit the S CH equation, as that of LCD colordifference formula [5] , of the chroma weighting function and the T equation, as that of CIEDE2000 formula [13] , of the hue weighting function. The S CH function of this study was compared with that of LCD, and the T functions were compared between this study and CIEDE2000, which are plotted in Fig. 3 .
These two S CH curves had the similar tendency with some difference in magnitude. Though all the peaks fell in nearly the same color regions for both data sets, the positions of the maximum peak in the yellow-green region were different by about 40°from each other.
There were some discrepancies for the shapes and magnitudes of the T curves of this study and CIEDE2000. Both had two maximum peaks in the red and blue-green regions, and one minimum peak in the purple region. However, the main difference occurred in the yellowgreen region, where the T function of CIEDE2000 had a maximum peak, while a minimum peak was found for the T curve of this study.
C. Correlations of Color-Difference Tolerances with Different Visual Scales
The lightness, chroma, and hue tolerances of the hue circle at L* = 50 and C ab * = 20 with different visual scales for 12 hue angles are plotted against the corresponding visual scales in Fig. 4 . The dashed lines connected the color-difference tolerances for each hue angle, with the thick solid lines as the regression lines for all the pooled data. The diagonal thin solid lines with slopes of 45°rep-resent the ideal relation of visual scales and the corresponding color-difference tolerances. As seen from Fig. 4 , the slopes of the trendlines for color-difference tolerances from small to middle visual scales were nearly the same for different hue angles, and so were those for the span from middle to large visual scales but most of the slopes were smaller than the former. This indicated that the visual scales, had nearly the same impact for individual hue angles, but with different degrees for different ranges of visual scales. However, the fitted color-difference tolerances were nearly proportional to the visual scales. The regression lines were expressed by and the fitting accuracy was 8, 23, and 34 PF / 3 units for lightness, chroma, and hue tolerances, respectively. The smaller PF / 3 values indicated better correlation between the color-difference tolerances and the corresponding visual scales. The lightness tolerances had the best correlation with the visual scales, followed by the chroma and hue tolerances. The nearer the slope of the trendline was to the diagonal thin line, the higher the correlation was between the colorimetric and visual scales. For the lightness tolerances, as the lightness of the test hue circle was 50, which was the same as the lightness of the background, the trendlines deviated slightly from the diagonal line, showing that the lightness tolerances were almost consistent with the visual scales. All the trendlines for chroma tolerances were above the diagonal line, which indicated that all the chroma tolerances were overestimated by the CIELAB colorimetric scales. For the hue tolerances, most trendlines were above the diagonal line as overestimated by the CIELAB scales, while two lines with hue angles of 120°and 300°were below the diagonal line, which implied underestimation by the CIELAB scales. 
D. Correlations of Color-Difference Tolerances with Different Perceptual Correlates
The color-difference tolerances estimated with the small visual scale for different lightness levels but the same chroma level are plotted in Fig. 5 , while those for different chroma levels but the same lightness level are shown in Fig. 6 . The dashed lines connected the color-difference tolerances for different hue angles. Except for the thick solid lines in Fig. 5(a) for the lightness tolerances as piecewise fitted lines for all the pooled data, the other thick solid lines in Figs. 5 and 6 represent the regression lines for all the pooled data. For the regression lines in Figs. 6(b) and 6(c), the equations similar to the chroma and hue For the lightness tolerances with different lightness levels in Fig. 5 , as the lightness of the background was about 50, the crispening effect [25] was found to some extent. The lightness tolerances at the lowest lightness level ͑L* =30͒ were much larger than those at the higher lightness level ͑L* =50͒; nevertheless, no obvious difference was found between the lightness tolerances at L* = 50 and 70. The chroma and hue tolerances with different lightness levels were inversely linearly proportional to the lightness levels; i.e., as the lightness increased, the chroma and hue tolerances decreased. The slopes of the regression lines, −0.08 and −0.07, respectively, for the chroma and hue tolerances with different lightness levels were nearly the same. The luminance effect on the ellipse area has been reported in several papers [26, 27] , where it was pointed out that the luminance of the sample had an effect on the ellipse area in the CIE Yxy space, while no obvious effect was found in the CIELAB space. However, Kuehni [27] found that in the CIELAB space, the ellipse area of the samples with metric chroma between 25 and 45 reduces as the luminance becomes larger, which was similar to the effect of the inverse dependence of chroma and hue tolerances with lightness found in this study.
There are two differences aspects between the tolerances of this study and those of the previous studies. First, in this study the suprathreshold tolerances were involved, while in the previous studies the tested color differences were at the threshold level. Second, the samples used in this study were CRT colors, and the previous studies were based mainly on surface colors. Hereby more studies that use which using different media of colors and different visual scales are required to investigate the luminance effect on the chroma and hue tolerances.
As many previous studies pointed out that the lightness tolerances had no significant correlations with the hue angles and chroma levels of the test color centers, the lightness tolerances obtained in this study showed the expected tendency, as in Fig. 6 . Furthermore, the chroma and hue tolerances were linearly proportional to the chroma levels. Compared with the CIE94 formula, the slopes of the regression lines for the chroma (0.066) and hue (0.033) tolerances were a little larger than those of the CIE94 (0.045 and 0.015). The larger slopes may also be due to the parameter effects, which were different from the previous studies in related experimental conditions as larger visual scales, larger samples, and CRT colors.
CONCLUSION
In this study, the color-difference tolerances were measured by the psychophysical method of constant stimuli with different visual scales and different perceptual correlates using CRT colors. The detailed analysis indicated that the lightness tolerances had no correlation with the hue angles; however, the chroma and hue tolerances were found to have considerable hue angle dependence. The color-difference tolerances were almost linearly proportional to the visual scales but with different slopes for different kinds of color-difference tolerances. The lightness tolerances had the best correlation with the visual scales as compared to those of the chroma and hue tolerances. The lightness tolerances showed the crispening effect for different lightness levels, while no chroma dependence was found for different chroma levels. The chroma and hue tolerances were inversely proportional to the lightness levels while proportional to the chroma levels. 
